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Disclaimer

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legd liability or respongibility
for the accuracy, completeness, or usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately owned rights. Reference herein to
any specific commercia product, process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily condtitute or imply its endorsement, recommendation, or favoring by
the United States government or any agency thereof. The views and opinions of authors expressed
herein do not necessarily state or reflect those of the United States Government or any agency
thereof.



Abstract

Improved prediction of interwell reservoir heterogenety is needed to increase productivity and to reduce
recovery cogt for Cdifornias heavy oil sands, which contain gpproximately 2.3 billion barrels of
remaining reserves in the Temblor Formation and in other formations of the San Joaquin Vdley. This
investigation involves application of advanced andytica property-distribution methods conditioned to
continuous outcrop control for improved reservoir characterization and smulation. The proposed
investigation is being performed in collaboration with Chevron Production Company U.SA. as an
indudtrid partner, and incorporates data from the Temblor Formation in Chevron’s West Codinga FHeld.

Efforts during the past twelve months have focused on developing three-dimensiond geologic modds
for reservoir characterization, incorporating permesbilities into the modds, and then using the models
for reservoir amulaion. In conjunction with this work, five facies tracts have been identified in the
Temblor Formation using cores and outcrops. incised valey, estuarine, tide- to wave-dominated
shordine, diatomite, and subtida. Three-dimensiond facies tract and facies group modes have been
congructed for two areas within West Codlinga Field.

Additiond work during the past year indudes further investigation of the gpplications of the new drill-hole
minipermeameter probe. The theory for andyzing radia gas flow from a cylindrica borehole into the
surrounding medium has been expanded to include possible variations in syslem geometry. In addition,
the physicd bassfor agpatid weighting function has been devel oped using streamline coordinates. The
results are very encouraging for adapting the new probe design to various field Situations.

Permegbility data collected from outcrop near Escalante, Utah, support anew concept for representing
natural heterogeneity, which is called the facies-fractal concept [Lu et al., 2001]. We anticipate that
applying the facies-fractal concept to the sedimentary structure et West Codinga Field will be the main
basis for amulaing the ail recovery process. The smulation will be fully developed during the find
project period.

T2VOC, which isanumerica flow smulator cgpable of modeling multiphase, multi-component, non-
isothermd flow, is being used to modd steam injection and oil production for a portion of section 36D
in West Codinga Feld. Thissmulator has been used extensively by government agencies and private
corporationsto model the flow of water, ar (eam), and il in multi-dimensiond, heterogeneous porous
media
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Results and Discussion

Geologica Characterization

During the past twelve months, object-based, three-dimensiond geologic modds were constructed for parts
of sections 31A and 36D in West Codinga Fidd (Fig. 1). These models are being used for the
incorporation of permeshiility digtributions for application to seam-flood smulaion. The modds incorporate
geophysical logs as wdll as lithologic data and depositiond interpretations from our core and outcrop
investigation of the Temblor Formation in the Codinga area. Specific geologic models produced include
facies tract and lithofacies group models. Multiple redizations of both types of modds were generated to
represent the geometry of reservoir zones. In addition, agtatistica anadyss involving gpproximately 2000
data points from 13 cored wellsin West Codinga Field was conducted to identify groupings of lithofacies
and to evauate permegbility trendsin both lithofacies and facies tracts. A cluster analyss was performed
to group lithofacies based on permeatiility, porosity, sorting, grain size, and percent sand. GOCAD three-
dimensond modeling and visudization software is being used for this investigation.
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Figure 1. Location map of the Codinga area, Cdifornia
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Some of the steps followed for constructing the three-dimensiona geologic modds of facies tracts
and lithofacies groups were:

1) Loaded bounding surface horizons to provide structural congraints,

2) Loaded continuous and discrete geophysica log, lithofacies group, and facies tract data;

3) Deveoped modd architecture and geologic regions to define the facies tract and lithofacies group
dratigraphic grids,

4) Applied sequentid indicator smulations to develop a representative and geologicaly reasonable
lithofacies group modd; and

5) Examined the facies tract and lithofacies group modes for geologica vaidity and compared
modeling results with cores and geophysica logs.

For the facies tract modds, reference horizons were defined based on regiona sedimentologicad and
sequence-gratigraphic relationships. These horizons were identified in cores and outcrops as stratigraphic
bounding surfaces that separate five mgor facies tracts: incised valey, estuarine, tide- to wave-dominated
shordline, diatomite, and subtidal. This approach provides a structurd congtraint by forcing the modd grid
to conform to the surfaces, including honoring truncation of stratigraphic intervals by unconformities. In
section 31A, sx bounding surfaces with a region between each surface were created in GOCAD to
represent the five facies tracts present in the northern part of West Codinga Fidd. In Section 36D, which
islocated in the southern part of the field, four bounding surfaces and three regions are present. The facies
tracts present in the southern part of the field are estuarine, tide- to wave-dominated shordline, and subtiddl.

Results from integrating geologic facies with the outcrop permeshiility deta obtained from our field Ste near
Escdante, Utah, were presented at the annud nationd meseting of the Geologicad Society of America
[Lorinovich et d., 2000]. A paper on the reservoir characterization of Codingafield, induding condruction
of the geological modds, was presented a the American Association of Petroleum Geologigts annua
national meeting [Bridges and Castle, 2001].

Permeability M easurement

Progress continued on gpplication of the drill-hole minipermeameter probe, which was developed under
this project. Usng the new probe, field permeability measurements were recorded in triplicate at
gpproximately 500 points on outcrops near Escdante, Utah. The theory for analyzing radia gas flow from
acylindricd drillhole into the surrounding medium has been expanded to include possble variaions in
system geometry. The variaions tested to date include thickness of the packer (or sed), depth of the
drillhole into the outcrop, and radius of the drillhole. There is a geometric factor for each variation of the
probefrock system, which accounts for the system geometry and the diverging flow through the porous
mediadomain. In order to determine the geometric factor for different system geometries, finite-difference
computer smulations were developed to mode the pressure-distribution throughout eech system. A paper
on the development of the new drill-hole probe was presented at the Geologica Society of Americafal

meeting [Dinwiddie & d., 20007]. The dataresulting from field application of the new drillhole probe were
presented at the fall meeting of the American Geophysical Union [Dinwiddie et d., 2000°]. A smilar paper,
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which covered both the development of the new probe and the resulting data, was presented at the
American Associaion of Petroleum Geologists annua national meeting [Dinwiddie et d., 2001].

The physicd bassfor agpatia weighting function has been developed utilizing sreamline coordinates[Molz
et d., 2001]. Applications of the spatid weighting functions are presented for the conventiona surface
probe and the new drill-hole probe. Spatid weighting function didtributions indicate that with diverging flow-
fidd instruments, such as the gas minipermeameter, porous medium volumesin the inlet vicinity are heavily
weighted, with volumes near the sed boundaries shown to be extremey important. The technique described
dlows one to quantify the Sze and shape of the sub-volume of a doman contributing to an effective
permesbility measurement. A paper ducidating this subject matter was presented e the fal meeting of the
American Geophyscd Union [Molz et d., 2000]. Additiondly, a comment has been prepared on arecently
published paper [Tartakovsky, et d. 2000]; this comment has been submitted to Water Resources
Research, and it should clarify some misconceptions and misnomers raised by Tartakovsky and his
colleagues, by invoking knowledge gained through spetid weighting function conoegpts [Molz and Dinwiddie,
2001].

Fractd Anayss

In addition to the mini-permeameter and field permesbility work described above, core data, primarily
permesbility, from the Codinga Oil Field (Temblor Formation) was andyzed for fractal properties and
gructure. Thiswas adifficult task because of the lack of quantity and continuity of data. Variance scading
is definitely present in the data, but the associated Hurst (H) coefficient was difficult to cdculate. Using
gpectra techniques, avaue in the vicinity of 0.3 was estimated. Further andysis of the core data, which
included a series of facies tracts, yielded sets of Log(k) increments that were not Gaussan. This differed
from our Utah data, which were obtained within what we are cdling pure facies. This differenceis explained
in amanuscript thet is currently in review [Lu et d., 2001]. The gpproach outlined in the manuscript is being
gpplied to the smulation of steam flooding in section 36D of West Codinga Fied. Three-dimensond
redizations of intringc permeability distributions have been generated at an gppropriate grid scale.

A new concept for representing natura heterogeneity was developed in arelated project. It is caled the
facies-fractal concept [Lu et d., 2001]. Data from the Escalante outcrop support this concept, o it is
being used to smulate oil recovery in the Codinga Fidd. Moativation for the concept as gpplied to the
Codingadatais given below.

Permesbility may be concelved as exhibiting two components of variation: a "structure’ or "systemdtic”
component and a "random” or "noise" component. If the facies concept is introduced, then the "structure”
may be associated with the facies, and the "random™ component associated with the permegbility variation
within facies.

Previous studies have presented evidence that log(k) increments (k = intringc permeghility) within pure
facies often follow aGaussan digribution. For example, ak data set from avertica Berea sandstone core
was obtained in the laboratory using a surface gas mini-permeameter (Fig. 2). It

3



4
=)
£ 3
<
82

1 | | |

0 50 100 150 200
No. of data points
c 1
o
= + Sample CDF
= 0.8 I (interdune)
] .
5 0.6 | — Gussian
o) CDF
= 04 r
<
2 02 |
jun ]
O 9 !
-0.8 -0.4 0 0.4 0.8

Increments in log(k)

Figure 2. Top: Permestiility data collected from the inter-dune facies in eolian sandstone. Bottom: The
cumulative digtribution of the increments of log(k) showing thet the log(k) increment didtribution is highly
Gaussan.



conggts of 2,884 consecutive k measurements with haf-inch (1.27-cm) spacings. Recently, Lu and Molz
[2001] concluded that both the k increments and log(K) increments have non- Gaussan distributions with
heavy, non- Gaussian tails when the entire data st is used for the andys's. However, under the assumption
that permesability isrelated to at least three of the primary facies types found in eolian sequences (thet is,
grainflow, wind-ripple, and inter-dune), Goggin [1988] provided evidence that k in each facies is log-
normdly distributed. Therefore, the log(k) increments for each dratification should be gpproximately
normaly distributed. We checked for this behavior using Goggin's [1988] data. Shown in Figure 2 are
results for the inter-dune data, indicating that the cumulative digribution of log(k) increments are well
approximated by aGaussan cumulative distribution function. Rescaled range (R/S) andlysis of log(k) aso
shows that long range corrdated log(k) structure is found with a Hurst coefficient H = 0.39 (Fig. 3).
Similar results were obtained for the grain-flow and wind-ripple facies.
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Figure 3. Rescded range andyssof log(k) collected from the inter-dune faciesin eolian sandstone. The
Hurst coefficient, H, is given by the dope of the best fitting straight line.

As part of our current project, field k measurements were made by the present authors using the newly
designed drill-hole, gas, mini-permeameter, described previoudy, with a 15 cm measurement spacing on
a6’ 21 m sandstone outcrop near Escalante, Utah [Dinwiddie et a., 2000 Lorinovich et &., 2000; Lu
et d., 2001]. About 500 k measurements were collected dong three horizontal transects and four vertical
profiles. Among them, two horizontal transects with 269 measurements are located in a bioturbated,
shdlow-marine sandgtone that is consdered as asingle, pure facies. While the data are till undergoing find
anadyses, the log(k) increments have aHurg coefficient of 0.34 and are highly Gaussian as documented in
Figure 4. We conclude, therefore, that there isfield evidence for Gaussian behavior of log(k) or log(K)
increments within pure facies. Thisis one of the main mativations for proposing the fracta/facies model.
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Figure 4. The cumulative digtribution function for the log(k) increments of a bioturbated marine
sandstone facies in Southern Utah. The didtribution function is highly Gaussian.

Resarvoir Smulation

The numerica flow smulator that is being used to mode the injection of seam and production of ail is
T2VOC [Fdtaet d., 1995]. T2VOC, which was developed by USDOE at the Lawrence Berkeley
Laboratory, is capable of moddling multiphase, multi-component, non-isotherma flow. This smulator has
been usad extensively by government agencies and private corporations to mode the flow of water, air
(steam), and ail in multi-dimensiond, heterogeneous porous media.

Reservoir smulations are being performed using three different means of digtributing permesbility for a
portion of section 36D: facies tract, facies group, and fractal group. Oil saturations, which were derived
from core anadlysis and provided by Chevron, have been integrated into the flow smulator.

The geologic mode grids and their associated properties created in GOCAD were imported into the
numerica flow smulator (T2VOC). Theimportation of the modd grid into the flow smulator required a
substantid effort in computer code development and programming.  This involved converting the GOCAD
geologica modd grid, which was compaosed of 33 surfaces that modeled the sratigraphic architecture, into
aregular grid composed of 9600 cdls. The grid conssts of 10 cdlsin the x direction (Easting), 30 cellsin
they direction (Northing), and 32 layers (32 cdlsin the z direction). From the coordinates of the vertices
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provided by the geologicd mode, the following modd inputs for T2V OC were caculated for each cdll:
1) Centroid Coordinate
2) Cdl Vdume
3) Digancefrom centroid to cdl interface (for al eight interfaces)
4) Cdl Interface Area (for al eight interfaces)
5) Codgne of the angle of the gravitationa vector between centroids (in al eight directions).

In addition, the oil saturation and permeshility associated with each of the vertices was used to caculate
an average oil saturation and permesbility for eech grid cell. Thefractd permeghilities, which are based on
the facies group model, were imported separately and assigned to the appropriate cell. The bottom layer
and top 3 layers have very low permesbilities assigned to them (1e-16 n), S0 that they essentialy form no
flow boundaries.

Steam injection rates, water production rates, and well construction details were provided by Chevron. It
was necessary to modify the injection rates due to the 5-Spot configuration, as the assumption is that the
edge of the modd isano-flow boundary. In a5-Spot injection pattern, it is assumed that the corner wells
(suchas A and C in Figure 5) are contributing one-quarter of their injection volume into the modeled area.

In the case of adjacent 5-Spot patterns, the injectors that share acorner (such as B in Figure 5) contribute
only hdf of thar injection volume into the modd area. For agiven well, the overdl rate is divided up anong
the elements that correspond to the perforated zones, and the injection rate is prorated to the permesbility
of the dement. This condition avoids the numericd problem of injecting a a high rate into a low
permeshility layer.

Figure 5. An adjacent 5-Spot configuration with injectors as triangles and producers as circles.

Initid comparisons of fidd production with smulated production reved s that some of theinitid estimations
7



of resarvoir properties will need to be adjusted. Discussons with Chevron identified the following
parameters that could be adjusted to obtain a better fit:

1) Initid reservoir pressure

2) Initid oil saturation

3) Rddive permesahility coefficients
4) Veticd anisotropy.

Simulations are currently underway to determine which of these parametersis the most sengitive and has
the greatest influence on the production vaues.

Conclusions

Continued investigation of applications for the new drill-hole minipermeameter probe is providing results
that are very encouraging. The theory for analyzing radid gas flow from a cylindricd borehole into the
surrounding medium has been expanded to include possible variaions in sysem geometry, and the physicd
bass for aspatid weighting function has been developed using streamline coordinates.

Three-dimensiond geologic modds have been constructed using data and interpretations from cores and
outcrops. Prliminary smulations of the three different geologic models, faciestract, facies group, and fractd
group, are underway. Initid comparisons of field production with smulated production reved s that some
of theinitid estimations of reservoir propertieswill require adjustmen.

We anticipate that gpplying the facies-fracta concept to the sedimentary structure at the Codingafied will
be the main bagis for amulating the ail recovery process. Fully developing the smulation and completing
severd manuscripts describing overdl project results will form the bulk of our work during the find project

period.
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